permeability. permeability, in response to kainate application, sugWhile these data clearly show the dominant role of gests one possible mechanism for enhanced LTP. Muthe GluR2 subunit in inhibiting Ca 2ϩ influx via AMPARs, tant mice exhibited increased mortality, and those the functional consequence of Ca 2ϩ entry through synsurviving showed reduced exploration and impaired aptically activated AMPARs remains unknown. Since motor coordination. These results suggest an imporCa 2ϩ -permeable AMPAR channels are blocked by intratant role for GluR2 in regulating synaptic plasticity and cellular polyamines (Kamboj et al., 1995; Koh et al., behavior. 1995b; Bowie and Mayer, 1995) at positive membrane potentials and N-methyl-D-aspartate (NMDA) receptor Introduction channels are blocked by extracellular Mg 2ϩ at negative membrane potentials (MacDonald and Wojtowicz, 1982;  In the mammalian CNS, ␣-amino-3-hydroxy-5-methyl- Nowak et al., 1984) , it was hypothesized that at excit-4-isoxazolepropionate (AMPA) receptor subtypes of the atory synapses, where AMPARs and NMDA receptors glutamate receptors are the principal mediators of fast are colocalized, Ca 2ϩ influx through the AMPARs would excitatory synaptic transmission. Four genes, GluR1, be comparable with that through NMDARs at resting 2, 3, and 4 (also called GluRA, B, C, and D) encode membrane potential (Burnashev et al., 1995) . Thus, hyheteromeric receptors with high affinity for AMPA, but perpolarization would favor Ca 2ϩ influx through AMPlow affinity for kainic acid (Hollmann and Heinemann, ARs, and depolarization would favor Ca 2ϩ influx through 1994). The relative levels of expression of these genes, NMDA receptors, which has been implicated in longas well as splicing and editing of their mRNAs, account term potentiation (LTP) (Bliss and Collingridge, 1993) . for the wide differences in Ca 2ϩ permeability and gating However, the lack of specific AMPAR subunit antagobetween cells (Geiger et al., 1995) . Homomeric channels, nists has hindered studies that would elucidate the funcassembled from GluR2 subunits, are not permeable to tional role of Ca 2ϩ influx through the AMPARs. In an Ca 2ϩ and showed outwardly rectifying current/voltage attempt to address the issue of whether Ca 2ϩ influx through the AMPARs plays any modulatory role in syn-(I/V) relations. In contrast, receptors assembled from aptic transmission and synaptic plasticity, we have genGluR1, GluR3, and GluR4 subunits are highly permeable erated mutant mice lacking the GluR2 protein. Isolated to Ca 2ϩ , and showed a doubly rectifying I/V relation hippocampal CA1 neurons showed enhanced Ca 2ϩ permeation and LTP was markedly enhanced in hippocampal slices. While several knockouts have decreased LTP Ϫ/Ϫ mutant (n ϭ 2) mice revealed no difference in cellular morphology or in the organization and extent of fiber tracts (see Experimental Procedures). Staining with cytochrome C oxidase, a gross measure of presynaptic input, was also normal in mutants.
(e.g., Silva et al., 1992) , this is the first knockout showing were used to produce aggregation chimeras with CD1 morulae (Wood et al., 1993) . Only one ES clone transmitelevated LTP and behavioral abnormalities associated with it. Our data raise the possibility that Ca 2ϩ influx ted the GluR2 mutation through the germline. Heterozygous mice from a CD1 ϫ 129 cross were intercrossed via AMPARs alone may be able to induce long-lasting increases in synaptic efficacy, suggesting an important to produce 477 F2 offspring, of which 22% were ϩ/ϩ, 54% ϩ/Ϫ, and 24% Ϫ/Ϫ ( Figure 1B ). This 1:2:1 Mendeand unexpected role in synaptic plasticity.
lian ratio suggests there was no embryonic lethality in the mutants. Mice from this cross were used in all experiResults ments (see Figures 1-6 ), except that represented in Table 1 . Western blot analysis of brain protein with a GluR2 Targeted Disruption of the GluR2 Gene To disrupt the GluR2 locus, an isogenic targeting vector antibody (3A11), produced against the N-terminal domain (Puchalski et al., 1994) , showed no detectable was designed to delete transmembrane region 1 and the pore loop, which are essential for receptor function GluR2 protein, either full-length ( Figure 1C ) or truncated, even at a 100-fold excess loading and a 1% level of ( Figure 1A ) (Hollmann and Heinemann, 1994) . R1 embryonic stem (ES) cells (strain 129) were electropororated detection (data not shown). Enhanced chemiluminescence (ECL) detection showed that ϩ/Ϫ mice had with this vector and selected in G418 and gancyclovir . Double resistant clones were ‫%05ف‬ Ϯ 10% (n ϭ 3) of GluR2 protein compared with ϩ/ϩ. In mutant mice, the level of the other glutamate screened for the desired homologous recombination by Southern blotting using a probe 5Ј to exon 10 ( Figure  receptors (GluR1, 4, 6, and 7; NMDAR1, 2A, and 2B) was not altered. Since there are no GluR3 antibodies 1A). Four ES clones contained the targeting events, and available, we used one that recognizes the C-terminus of both GluR2 and GluR3. GluR3 is known to be expressed at lower levels in brain than GluR2. As shown in Figure 1C , the lane from GluR2 Ϫ/Ϫ mice showed a band indicating the presence of GluR3 in the GluR2 knockout mice. Based on the normal ratios of GluR2 and 3, it is unlikely that GluR3 is overexpressed, since the band is less intense than the GluR2 band. However, we cannot exclude the unlikely possibility that GluR3 is downregulated in the absence of GluR2. This experiment was repeated several times with similar results, using enriched synaptic membranes as well as wholeprotein fractions from brain. Therefore, as best we can judge, the loss of GluR2 was selective and did not result in any developmental compensation or downregulation in other glutamate receptors. GluR2
Ϫ/Ϫ mice were also found to possess all major neuroanatomic loci and fiber pathways in grossly normal proportion. The hippocampus exhibited normal cellularity in the CA regions 1-3 and dentate gyrus ( Figure 1D ). Golgi staining of the individual pyramidal neurons also revealed normal morphology. Fiber pathways within the hippocampus, such as the perforant path, also appeared normal, as did the structure of the cerebellum, the dorsal laminae of the spinal cord, and retina (data not shown). from the parents to reduce the litter size. Therefore, reduced feeding as a result of competition between littermates may contribute to an increased mortality rate Relative Ca 2؉ Permeability in Neurons in mutants. Mutant mice (including dying mice) showed from GluR2 Mutant Mice no sign of seizure activity as measured by observation, Currents evoked by the nondesensitizing agonist, kai-EEG, or post-mortem analysis of pyramidal cell dropout nate (Burnashev et al., 1992a) , in isolated CA1 pyramidal in the hippocampus (data not shown). Surviving mutant neurons from wild-type mice exhibited little or no rectifimice recovered at 3 weeks of age, and by 6-7 weeks cation, while their reversal potentials were insensitive were similar to wild-type controls in both size and to change from low to high extracellular Ca 2ϩ (Erev: weight. Adult mutants appeared healthy and fully capa-Ϫ1.8 Ϯ 1.3 mV and Ϫ1.0 Ϯ 1.5 mV [ Figure 2A] ). This ble of caring for themselves. No apparent change in suggests that most of the AMPARs in normal CA1 neulifespan was observed up to 12 months of age. Behavrons contain the edited GluR2 subunit and have a low ioral analysis of 13 ϩ/ϩ and 10 Ϫ/Ϫ mice showed that permeability to Ca 2ϩ . Cells taken from mutant mice demthe lack of GluR2 expression significantly impaired novonstrated both an enhanced inward rectification and elty-induced exploratory activities in the open-field such a Ca 2ϩ -dependent shift of the reversal potential (Erev) as rearing (frequency in Ϫ/Ϫ mice, 0.1 Ϯ 0.1 versus ( Figure 2B ), as predicted for the loss of the GluR2 subunit 2.2 Ϯ 1.1 in ϩ/ϩ mice; p < .05) and object exploration (Hollmann et al., 1991; Verdoorn et al., 1991 ; Geiger et (frequency in Ϫ/Ϫ mice, 2.9 Ϯ 1.3 versus 9.1 Ϯ 1. 9 in al., 1995; Burnashev et al., 1995; Jonas et al., 1994) . The ϩ/ϩ mice; p < .02), decreased self-directed behaviors Erev shifted from Ϫ4.1 Ϯ 1.9 mV to 16.0 Ϯ 2.3 mV, which including grooming (duration in Ϫ/Ϫ mice 3.3 Ϯ 2 s indicates a substantial increase in Ca 2ϩ permeability in versus 8.8 Ϯ 1.9 in ϩ/ϩ mice; p < .006), disrupted motor mutant channels. In addition, the degree of inward recticoordination (fall latency on rotorod at 15 rpm in Ϫ/Ϫ fication (Puchalski et al., 1994) of these currents was mice, 4.8 Ϯ 0.9 s versus ϩ/ϩ, 28 Ϯ 5; p < 0.001), and enhanced. The shift in the reversal potential for NMDAimpaired eye closure reflexes to approaching objects (1 of 6 Ϫ/Ϫ mice versus 10 of 10 ϩ/ϩ mice; p < .001).
General Appearance of GluR2 Mutant Mice
evoked currents (n ϭ 6) was similar (low Ca 2ϩ , Ϫ2.0 Ϯ (B) Post-spike-train afterhyperpolarization induced by 800 ms depolarizing current pulses, which generated 9-11 action potentials. A 50 pA current pulse preceeding the depolarizing pulse was used to test the membrane input resistance. Traces were averaged from responses of 16 control (ϩ/ϩ) and 14 GluR2 (Ϫ/Ϫ) mutant mice. (Purpura et al., 1968; Halliwell and Adams, 1982) , was not altered significantly (see Figures 3C taken from GluR2 mutant mice ( Figures 2C and 2D ). Cells taken from wild-type mice demonstrated a significantly and 3D2). more negative Erev (Ϫ64.5 Ϯ 4.7 mV, n ϭ 6) than those taken from knockouts (Ϫ17.0 Ϯ 2.2 mV, n ϭ 5). Moreover,
Presynaptic Mechanisms
In an attempt to study the efficacy of synaptic transmisthe calculated relative Ca 2ϩ permeability (Burnashev et al., 1995) of currents in cells from knockout mice (P sion in wild-type and GluR2 mutant animals, we compared the input-output curves in the CA1 subfield of Ca 2ϩ /P Cs ϩ ϭ 3.51 Ϯ 0.60) was significantly larger than that from wild type (P Ca 2ϩ /P Cs ϩ ϭ 0.41 Ϯ 0.11). hippocampal slices. The slope of field excitatory postsynaptic potential (fEPSP) was plotted versus presynaptic fiber volley amplitude, which is an index of presynapPassive Membrane Properties Whole-cell patch-clamp recordings from CA1 neurons tic fiber excitability and results from the extracellular currents surrounding the synchronously activated unin the slice (Figure 3 ) revealed no significant differences between control and mutant mice, respectively, in restmyelinated fibers running in the dendritic layers. Since its amplitude is inversely proportional to the propagation ing membrane potential (Ϫ64.8 Ϯ 0.7 mV versus Ϫ63.5 Ϯ 0.6 mV; p ϭ 0.15), spike amplitude (114.9 Ϯ 1.5 versus distance (Andersen et al., 1978) , the distance between recording and stimulating electrode was kept constant. 111.9 Ϯ 1.7 mV; p ϭ 0.17), threshold to fire an action potential (Ϫ43.6 Ϯ 0.8 versus Ϫ43.9 Ϯ 0.89 mV; p ϭ As shown in Figure 5A , the efficacy of excitatory synaptic transmission in the hippocampal CA1 subfield was indis-0.75; Figure 3A ), and area of afterhyperpolarization (AHP). Since the area of AHP is highly dependent on the tinguishable between the wild-type control and GluR2 mutant mice. number of action potentials induced by the depolarizing current, we limited our analysis to AHPs generated by To test further for any abnormal presynaptic function, we investigated the differences in paired-pulse facilitaa train of 9-11 action potentials evoked by 800 ms depolarizing current pulse (see Figure 3B) . A typical posttion, which is an example of use-dependent increases in synaptic efficacy and is considered to be presynaptic spike-train AHP contains a fast and a slow component known as medium-(mAHP) and slow-duration AHP in origin (Barrett and Magleby, 1976) . In hippocampus, when two stimuli are delivered to the Schaffer collaterals (sAHP; Storm, 1987) . The amplitude of mAHP was Ϫ7.9 Ϯ 0.6 mV and Ϫ5.4 Ϯ 0.6 mV (p ϭ 0.18), and the in rapid succession, paired-pulse facilitation manifests itself as an enhanced dendritic response to the second area of sAHP was 17,330 Ϯ 2,881 mV.ms versus 18,396 Ϯ 3,844 mV.ms (p ϭ 0.5) in control and GluR2 stimulus as the interstimulus interval gets shorter. We did not observe any significant difference in the extent of mutants, respectively.
The membrane input resistance was significantly the paired-pulse facilitation, over an interpulse interval range of 20 ms to 1 s, between slices obtained from higher in GluR2 mutant mice (267 Ϯ 10 MA) than that of control (190 Ϯ 11 MA, p ϭ 0.00001; see Figure 3D1 ).
control and GluR2 mutant mice ( Figure 5B ): at an interpulse interval of 50 ms, the magnitude of facilitation Such an increase in the membrane input resistance, in the absence of a change in the membrane potential, was 1.50 Ϯ 0.03 (n ϭ 20) and 1.49 Ϯ 0.14 (n ϭ 20) in control and GluR2 mutant slices, respectively. These not significantly different, thereby indicating that NMDA receptors have their usual voltage dependence (see Figdata suggest that in GluR2 mutant mice, the excitability of Schaeffer collateral fibers and neurotransmitter reure 4B). However, the I/V relation of the AMPA component was significantly different in the GluR2 mutant lease is likely to be normal.
mice: in cells obtained from control animals, AMPA currents were quite linear, while those obtained from GluR2 Postsynaptic Mechanisms Synaptic activity in hippocampal CA1 pyramidal cells, mutant mice demonstrated a significant rectification at the positive holding potentials (see Figure 4A ). The reevoked by stimulation of Schaeffer collateral-commissural axons, was recorded by both extracellular field and duction of outward AMPA current at positive holding potentials is in agreement with previous reports obwhole-cell recordings. In extracellular field recordings, excitatory postsynaptic potentials (EPSPs) appeared to tained from cells lacking the GluR2 subunit (Hollmann et al., 1991; Verdoorn et al., 1991; Geiger et al., 1995 ; be normal in GluR2 mutant mice. D-AP5 (50-100 M), a selective NMDA receptor antagonist, did not have a Koh et al., 1995a) . Figure 4C illustrates that in both control and GluR2 significant effect on the extracellular synaptic responses obtained at low frequency stimulation (LFS) in both conmutant mice, AMPA and NMDA components of evoked EPSCs were completely blocked by NBQX (5 M) and trol and GluR2 mutant mice, while NBQX (5 M), an AMPA/kainate receptor antagonist, blocked all synaptic D-AP5 (50 M), respectively. The evoked synaptic EPSC, recorded in the presence of 10 M BMI, is pretransmission in both the presence and absence of D-AP5. These results suggested that synaptic transmisdominantly mediated by AMPAR activation at a holding potential of Ϫ80 mV (Clark and Collingridge, 1995; sion at low frequency is predominantly AMPA mediated and that the lack of GluR2 subunit did not perturb synap- Spruston et al., 1995) . There was no significant difference in the average synaptic current decay time contic transmission. However, since the amplitude of synaptic currents depends on the stimulus intensity, and stimstant at Ϫ80 mV (18.6 Ϯ 3.1 ms in GluR2 mutant mice and 19.4 Ϯ 2.3 ms in control mice; P ϭ 0.85). The decay ulus intensities are not precisely comparable from slice to slice, we carried out whole-cell voltage-clamp retime constants of AMPAR-mediated EPSCs measured in CA1 neurons of both control and GluR2 mutant mice cordings under conditions in which we minimized the number of synapses activated, by increasing the extraare similar to values reported by other groups under similar recording conditions (Kato et al., 1993; Perkel cellular Ca 2ϩ and magnesium concentration to 4 mM each, and reducing the stimulation intensity.
and Nicoll, 1993; Clark and Collingridge, 1995) . The average decay time constant for the NMDA component, reWhole-cell voltage-clamp data, recorded in the presence of both GABA A -and GABA B -mediated inhibitory corded in the presence of NBQX (5-10 M) and at a holding potential of ϩ40 mV, for control and GluR2 mupostsynaptic currents (IPSCs), did not show any obvious difference among the cells obtained from wild-type contant mice, was 174.1 Ϯ 20.5 ms and 166.3 Ϯ 22.7 ms, respectively (P ϭ 0.80). trol and GluR2 mutant slices (see Figure 4) . The I/V relation of the NMDA component in neurons obtained
The AMPA current amplitudes, measured 7 ms from stimulation artefact (Clark and Collingridge, 1995), were from seven control and seven GluR2 mutant mice was significantly smaller in neurons from GluR2 mutant mice NMDA components of the evoked EPSCs. The lack of any obvious reduction in the NMDA component of the than from their littermate control mice. To standarize and compare the evoked EPSC amplitudes between the evoked EPSCs argues against the latter hypothesis. Nevertheless, our data do provide some evidence that two groups, we analyzed the ratio of NMDA to AMPA components in each group. The NMDA receptorin the absence of GluR2 subunit, the other AMPAR submediated EPSCs were obtained in the presence of 5 or units do form functional channels and carry out fast 10 M NBQX and at a holding potential of ϩ40 mV. The synaptic transmission. NMDA current amplitudes were measured 100 ms from stimulation artefact (Clark and Collingridge, 1995) . As Synaptic Plasticity shown in Figure 4D , there was a significant difference Long-term potentiation (LTP) in the CA1 subfield of hipin the NMDA/AMPA ratio between the control and GluR2 pocampal slices was studied in 16-to 30-day-old control mutant mice (0.40 Ϯ 0.08 and 0.98 Ϯ 0.09, respectively;
and GluR2 mutant littermates both in normal (2 mM) and P ϭ 0.0006). The high NMDA/AMPA ratio of the mutant high (3.4 mM) Ca 2ϩ -containing artificial cerebrospinal mice suggests that the postsynaptic AMPAR density fluid (ACSF). We did not observe any significant differmay be reduced. This could occur if the remaining ences in the magnitude of LTP obtained from GluR2 AMPAR subunits were not able to assemble effectively. mutant hippocampal slices perfused in either normal or This possibility is supported by the observation that the high Ca 2ϩ -containing ACSF. However, slices obtained affinity of other AMPAR subunits is greater for GluR2 from control mice showed a higher failure rate in LTP than for each other (Wenthold et al., 1996) . Alternatively, induction when perfused with normal Ca Figure 5C ). The normalized EPSP slope for control mice at 60 min after tetanus was 167% Ϯ 15% of the average slope before stimulation (n ϭ 20). In slices obtained from GluR2 mutants, the extent of long-lasting increase in the synaptic strength was enhanced by 2-fold. The normalized EPSP slope for GluR2 mutant mice at 60 min after tetanus was 252% Ϯ 17.8% (P ϭ 0.005) of the average slope before stimulation (n ϭ 20). When tetanic stimulation was delivered in the presence of bicuculline (i.e., in the absence of GABAergic transmission), the magnitude of potentiation seen was indistinguishable from that obtained in the absence of bicuculline. At 60 min after tetanus, the normalized EPSP slope for the control and GluR2 mutant mice was 158% Ϯ 5.9% (n ϭ 5) and 295% Ϯ 17% (n ϭ 12; P ϭ 0.0003), respectively ( Figure 5D ). It was possible that neurons from GluR2 mutant mice were initially set at a more depressed level, and as a consequence of this set value, the tetanus-induced enhancement in synaptic efficacy was greater. To investigate this hypothesis, we first depotentiated the synapse and then induced LTP in both control and GluR2 mutant mice. Our data demonstrate that the magnitude of longterm depression (LTD) was not significantly different in control and GluR2 mutant mice, thereby suggesting that synapses in GluR2 mutant mice are not initially de- did not exhibit LTP, while those from GluR2 mice displayed a detectable residual LTP (normalized fEPSP slope at 60 min after tetanus was 154.8% Ϯ 10.3%, n ϭ develops. In 12 slices obtained from GluR2 mutant mice, 10; Figure 6A ). This residual LTP in the presence of the normalized fEPSP slope measured 5 min after the D-AP5 could be due to Ca 2ϩ influx via the high voltage first tetanus was 214% Ϯ 18.2%, and that after the activated Ca 2ϩ (HVAC) channels. However, when we infifth tetanus was 397% Ϯ 21.7%, whereas in 5 slices duced LTP in the presence of D-AP5 and nifedipine (a obtained from control mice, the normalized fEPSP HVAC channel antagonist), the normalized fEPSP slope slopes were 150% Ϯ 8.6% and 188% Ϯ 20.4%, respecat 60 min after tetanus was 132.7% Ϯ 7.6% (n ϭ 8), which tively. These results, therefore, suggest that in GluR2 was not significantly different from those recorded in mutant mice, the mechanisms underlying LTP induction D-AP5 alone (P ϭ 0.05; Figure 6B ). Hence, these results are modified. strongly suggest that GluR2 mutant mice have ‫%051ف‬ of enhancement in synaptic efficacy in the absence of Discussion NMDA and HVAC channel contribution. On the other hand, 5 M NBQX or CNQX application, 20 min after Our data are compatible with the suggestion that the tetanus, abolished all synaptic responses ( Figure 6C) 
1993). If the LTP induction mechanism in GluR2
The data also show that Ca 2ϩ influx via L-type Ca 2ϩ mutant mice is not altered, one would expect to see channels is not involved in LTP induction in GluR2 musaturation of LTP after a plateau is reached. However, tant mice. Therefore, the GluR2 subunit may play a cru- Figure 6D shows that whereas LTP in slices from control cial role in regulating both Ca 2ϩ influx and LTP. The fact mice saturates, those from GluR2 mutant mice can progressively produce more LTP until spreading depression that GluR2 mutant mice exhibit widepsread impairment in behavior suggests that GluR2 is also critical for normal for the enhanced synaptic efficacy observed in the GluR2 mutants. brain function.
The magnitude of the rise in postsynaptic Ca 2ϩ during LTP induction, and the level of NMDA receptor function, GluR Expression have been shown to have significant effect on the generThe results suggest that we have created a null mutation ation of LTP (Malenka, 1991) . Previous reports also in the GluR2 locus. The neoR gene inserted into exon showed that trans-ACPD, a metabotropic glutamate re-11 has stop codons in all three reading frames and a ceptor agonist, enhanced NMDA receptor currents in poly(A) site. No full-length GluR2 protein was seen in CA1 cells and, when applied with a weak tetanus incapaoverloaded gels at a 1% level of detection. Although a ble of inducing LTP by itself, generated LTP (Aniksztejn short truncated GluR2 transcript could be made from et al., 1992; Bashir et al., 1993; O'Connor et al., 1994 , exons 1-10, we detected no truncated GluR2 protein 1995). Since NMDA receptor function is strongly moduin 100-fold overloaded Western blots. Since the GluR2 lated by kinase activity (Gerber et al., 1989 ; MacDonald antibody recognizes the N-terminus of the protein, it et al., 1989; Huang 1991, 1992 ; Kelso et al., should have detected any protein made. However, we 1992; Yamazaki et al., 1992) , it is conceivable that in saw no extra band in the range of 1-200 kd on Western GluR2 mutants the Ca 2ϩ influx from AMPARs could modblots, not even a GluR-neo fusion. Likewise, an antibody ify the NMDA receptor function through protein phoswith dual specificity for GluR3 and the C-terminus of phorylation or direct binding to calmodulin (Ehlers et al., GluR2, showed a loss of the comigrating GluR2 protein 1996). However, this is unlikely, since in GluR2 mutant in GluR2 mutants. Finally, the 9-fold change in Ca 2ϩ mice, whole-cell data did not reveal any change in the permeability in GluR2 Ϫ/Ϫ neurons was in the range that NMDA component of the synaptic current. Moreover, would be predicted from the loss of GluR2 (Burnashev et addition of NMDA-independent LTP in GluR2 mutants al., 1995). Therefore, we likely have created a null mutato NMDA-dependent LTP in control mice reconstituted tion in the GluR2 locus. GluR2 loss itself might also alter the enhanced LTP seen in GluR2 mutants. In addition, the stoichiometry of GluR1, 3, and 4 assembly in the LTD, another NMDA-dependent phenomenon, was not membrane, but this does not alter postsynaptic transaltered. These findings strongly support the hypothesis mission, although AMPA responses were smaller in muthat Ca 2ϩ influx, via AMPARs lacking the GluR2 subunit, tants.
is not modifying the NMDA component and is sufficient for producing LTP. Relative Ca 2؉ Permeability of AMPA Receptors Several studies have suggested the presence of It has been shown in vitro that AMPARs containing the NMDA receptor-independent LTP in the CA1 Schaeffer Q/R edited GluR2 subunit exhibit lower Ca 2ϩ permeabilcollateral synapse. Perfusion of a high extracellular Ca 2ϩ ity and distinct gating properties, compared with recepsolution induces a long-lasting enhancement in the syntor channels assembled without this subunit (Hollmann aptic strength (Turner et al., 1982) , which is not blocked and Heinemann, 1994; Burnashev et al., 1992a) . As exby the NMDA receptor antagonist APV (Grover and pected, the loss of this GluR2 subunit in individual CA1
Teyler, 1990a). NMDA receptor-independent LTP was pyramidal neurons from GluR2 mutant mice demonalso induced in CA1 by using a 200 Hz, rather than strated a 9-fold increase in relative Ca 2ϩ permeability the usual 100 Hz tetanic stimulation (Grover and Teyler, following kainate application, when compared with that 1990b). Postsynaptic injection of BAPTA, a Ca 2ϩ chelaof control mice. Indeed, this shift was similar in magnitor, or bath application of nifedipine, the dihydropyridine tude to that observed for Ca 2ϩ -permeable NMDA recepCa 2ϩ channel (L-type) antagonist, blocked this form of tors (Koh et al., 1995a) . These results, together with LTP, suggesting that in the presence of APV, HVAC observations in hippocampal slices from GluR2 editingchannels provided the necessary Ca 2ϩ influx required deficient mice (Brusa et al., 1995) , support a crucial for LTP at the Schaeffer collateral synapse. Such a role for the GluR2 subunit in inhibiting Ca 2ϩ influx via mechanism could underlie the NMDA receptor-indeAMPARs in vivo.
pendent enhancement in GluR2 mutants. However, when we perfused slices with nifedipine, in the presence GluR2 Subunit and Synaptic Plasticity of D-AP5, the residual LTP was unaffected, thereby indiOne could argue that enhanced synaptic plasticity seen cating the lack of L-type HVAC channel involvement in in GluR2 null mutant mice was due to changes in either NMDA-independent LTP in GluR2 mutant mice. Therepassive membrane properties, or the conductances for fore, our data raise the possibility that Ca 2ϩ influx via the inhibitory components of the synaptic response.
AMPARs devoid of GluR2 subunit is sufficient to induce However, our data indicate that there is no difference LTP, in a NMDA-independent manner. A recent study in either the passive membrane properties or the IPSCs on spinal cord neurons, where AMPA receptors are natuamong the slices obtained from control and GluR2 null rally devoid of the GluR2 subunits and are therefore mutant mice. One might also presume that Ca 2ϩ influx Ca 2ϩ permeable, showed that synaptic strength varied through the AMPARs would be sufficient to block the in an activity-dependent way (Gu et al., 1996) . FurtherCl Ϫ ionophore of the GABA A receptors (Inoue et al., 1986) more, it is interesting to note that LTP in GluR2 mutant and thereby give rise to the enhanced LTP. However, slices did not saturate, thus indicating that the mechathe magnitude of enhancement in synaptic strength was nism(s) underlying LTP induction is altered. One reason also the same under conditions where GABAergic transfor normal saturable LTP could be that Ca 2ϩ influx mission was blocked by bicuculline, suggesting that through the NMDAR channel activates calmodulin, which is known to bind and inactivate the NMDAR1 changes in the IPSCs are not the underlying mechanism Ϫ/Ϫ n ϭ 32 272 9 1 vs 3, p Ͻ 0.001 4 vs 5, p Ͻ 0.001 a Mean percent increase in fEPSP slope at 60 min after tetanus. Post-hoc comparisons (SNK test; ␣ ϭ 0.05) revealed a significant difference between two sets of means. Groups 3 and 5 were significantly different from groups 1, 2, and 4. No significant differences were found within each set. Abbreviations: NS, not significant.
clones (from a total of 1350 analyzed) were shown to contain desired channel (Ehlers et al., 1996) . Therefore, normal LTP may targeted events, and all of them were used to produce chimeric be self-limiting. However, in GluR2 Ϫ/Ϫ mice, the addimice via aggregation with CD1 morulae (Wood et al., 1993) . The tional Ca 2ϩ influx will not inactivate the AMPAR channel, contribution of ES cells from the agouti 129 strain to the germline thereby leading to an ever-increasing LTP at higher stimof chimerae was determined by mating with white CD1 mice and ulation intensities. Alternatively, downstream signaling screening for agouti offspring. Germline transmission was confirmed by Southern blotting of tail DNA. Since only one ES clone transmitted components may limit LTP in normal animals. In the mutation through the germline, it is possible, although unlikely,
GluR2
Ϫ/Ϫ mice, the additional Ca 2ϩ could activate kithat the phenotype we observe is due to an unintended mutation nases that are normally rate limiting, to generate nonsatelsewhere in the genome of this clone. We intercrossed 129 ϫ CD1 urable LTP.
F1 mice heterozygous for the targeted mutation to homozygosity.
Our data raise the possibility that activation of Ca and Ca 2ϩ in synaptic physiology and behavior. Our reThree control experiments together show that the enhanced LTP sults indicate that GluR2 is not required for LTP but in GluR2 mutant mice is due to the loss of GluR2 (Table 1) . Analysis of variance revealed a significant difference between all groups (F seems to play a negative role in its regulation. Therefore, by regulating its expression in development.
not different from one another, but are significantly different from control groups 1, 2, and 4. No significant differences were found Experimental Procedures between the latter groups. We also performed multiple comparisions between groups using the Student's t test (two-tailed) with Bonferoni Targeting Vector Construction adjustment (Table 1) . For example, LTP in the CA1 region of the A genomic clone containing exons 7-12 of the GluR2 gene was parental 129 and CD1 strains showed no significant differences isolated from a genomic 129 phage DNA library, prepared from R1 (Table 1) . Therefore, the enhanced LTP seen in our genotyped ES cells, after screening with rat GluR2 cDNA as a probe. Exon GluR2 Ϫ/Ϫ mice from the F2 cross could not be due solely to the 11, containing TM1 and TM2, was sequenced, and the amino acid inheritance of 129 genes conferring high LTP. To rule out the possisequence deduced from DNA sequence was identical to the pubbility that GluR2-linked 129 genes could contribute to the CA1-LTP lished mouse sequence in the corresponding region (Sakimura et phenotype in the context of a CD1 genetic background, we carried al., 1990). The targeting vector was prepared by inserting a 1.8 kb out experiments analyzing CA1 LTP distribution among an F2 popuHindIII-BglII fragment 5Ј region to exon 11, and a 6.0 kb KpnI-BamHI lation (n ϭ 36) derived from wild-type F1 intercrosses (i.e., CD1 ϫ fragment 3Ј to exon 11 into the pPNT plasmid vector (Tybulewicz 129) . The frequency histogram showed that the distribution of LTP et al., 1991) . The 1.8 kb HindIII-BglII was first subcloned into pBluewas normal (p ϭ 0.31 Kolmogorov-Smirnov goodness-of-fit test). script vector (Stratagene) to obtain NotI and XhoI restriction sites.
For the wild-type F2 129sv ϫ CD1 population, there is 0.99 probabilThe 6 kb KpnI-BamHI fragment was cloned into pPNT by KpnI and ity that a randomly chosen subject from the population will yield blunt end ligation. The construct was designed to delete transmem-LTP between 118% and 218%. If single recessive wild-type CD1 brane region TM1 and the pore loop of exon 11. Therefore, a 0.4 and 129 genes interact in a simple way as to mimic the high LTP kb BglII-KpnI fragment containing transmembrane domain (TM) 1 seen in GluR2 Ϫ/Ϫ mice, we would have expected a bimodal distribuand 2 in exon 11 was replaced by a 1.8 kb fragment containing the tion with 25% of the values above this LTP range. However, only PGKneo cassete carrying stop codons in all the reading frames and one LTP score (260%), out of 36 obtained, was outside the estimated a poly(A) tail. A PGK-TK cassete was inserted downstream of exon range (118-218). A one sample 2 goodness-of-fit test revealed a 12 as a negative selection marker.
significant difference in the obtained ratio of high LTP (1/36) compared with the expected ratio (9/36), ( 2 ϭ 9.48, df ϭ 1; p < 0.01).
Generation of GluR2 Mutant Mice
This analysis argues against the possibility that single recessive The vector DNA was linearized with NotI restriction digestion and genes interact in the background and contribute to enhanced LTP transfected into strain 129 ES cells of R1 line by in GluR2 Ϫ/Ϫ mice, but they do not rule out multiple gene effects. electroporation (Bio-Rad, Gene Pulser, set at 240 V and 500 F).
Finally, we have crossed our original 129 germline-derived chimeric G418 (150-250 g/ml) and gancyclovir (2 m) was applied 24 hr male with 129, rather than CD1 mice (Table 1) . Enhanced LTP was after transfection, and double resistant colonies were isolated durseen in GluR2 Ϫ/Ϫ mice from several litters compared with ϩ/ϩ (p < ing days 7-10 of selection. Genomic DNA of resistant clones was .00001). In this experiment, there is no possibility that CD1 backdigested with BamHI and hybridized with a 0.5 kb DNA fragment 5Ј
ground genes are playing any role, since they were not used in this cross. These results show that enhanced LTP is seen in the absence to the HindIII-BglII fragment as an external probe ( Figure 1A ). Four of GluR2 on different genetic backgrounds. We feel these results (pH 7.2 adjusted with NaOH). Evoked EPSCs were recorded from CA1 cells with patch pipettes (4-7 MA), and the internal pipette together argue against the possibility that the genetic background is the only contributing factor in enhanced LTP in our GluR2 Ϫ/Ϫ mice. solution contained the following: 130 mM Cs2MeSO4; 5 mM QX-314; 1 mM NaCl; 1 mM MgCl 2 ; 0.05 mM EGTA; 5 mM HEPES (pH 7.2, 280 mOsm). Synaptic currents and field potentials were evoked by Western Blots Three or more fresh brains from each GluR2 genotype (ϩ/ϩ), (ϩ/Ϫ), placing a single glass electrode filled with either ACSF or 1 M NaCl.
Responses were evoked at a frequency of 0.03 Hz and 0.07 Hz in or (Ϫ/Ϫ) mice were pooled, homogenized in 0.32 M sucrose, and centrifuged for 20 min at 2000 g, 4ЊC. The supernatant was transfield and whole-cell recordings, respectively. Tetani to evoke LTP consisted of five trains of 100 Hz stimulation lasting for 200 ms at ferred to 2 vol of water and centrifuged for 15 min at 5000 g. The pellet was resuspended in water using a polytron, and the centrifuan intertrain interval of 10 s. LTD was evoked by 900 stimuli at a frequency of 1 Hz. Current and field potentials were recorded using gation and resuspension steps were repeated twice more, resuspending the final pellet in 50 mM Tris-Cl (pH 7.0). The amount of an Axopatch 200A and Axoclamp 2B amplifiers, respectively (Axon Instrument). Glass pipettes were fabricated from borosilicate glass total protein was assayed (Pierce), and the samples were diluted to 5 mg/ml protein, and used fresh or frozen at 70ЊC. These crude with an optical density of 1.5 mm, and pulled with a two-step Narishige puller. The series resistance was 70%-96% compensated. synaptic plasma membrane samples were prepared for polyacrylamide gel electrophoresis by the method of Laemmi. We ran 50
Data were acquired on a 486-IBM compatible computer using PCLAMP6 software (Axon Instrument). The data were sampled at 5 microgram samples on 8% gels, and the separated proteins were transferred to nitrocellulose membranes. The blotted proteins were kHz, and were subsequently digitally filtered during analysis. BMI was purchased from Sigma. D-AP5, CNQX, and NBQX were purprobed with polyclonal anti-GluR1 (UBI); monoclonal anti-GluR2/4, which only recognized GluR2 on Western blots (Puchalski et al., chased from Trocris Neuramin. Data is expressed as mean Ϯ SEM. Significance is tested using Student's t test. All experiments were 1994) (3A11 Pharmingen); polyclonal anti-GluR2/3 (UBI); polyclonal anti-GluR4 (UBI); polyclonal anti-GluR6/7 (UBI); polyclonal anti-NR1 carried out double blind. (UBI) and polyclonal anti-NR2A/2B (generously provided by R. J. Wenthold, NIH). The blots were then probed with second antibodies Histochemistry linked to alkaline phosphatase or horseradish peroxidase, and the Mice were perfused with PBS (100 mM, pH 7.4) followed by 4% proteins visualized with the appropriate substrates for detection. To paraformaldehyde in PBS at 4ЊC. Whole brains were dissected from compare the amounts of receptors on some of the blots, enhanced each perfused animal along with the cervical and lumbar spinal chemiluminescence (Amersham) method of detection was utilized cord. Samples then were post-fixed 3 hr in 4% paraformaldehyde and the films were scanned for optical density (n ϭ 3). GluR2 could in PBS (0.1 M) and paraffin-embedded, or serial cryostat sections be detected in gels loaded with 5, 50, or 500 mg of proteins using were obtained throughout the entire CNS in the horizontal, sagittal, the 3A11 antibody. However, no band was detected in GluR2 Ϫ/Ϫ or coronal planes. For each plane, two mice 30 days of age were mice in this range of protein concentrations. Therefore, its level of analyzed for each genotype. To examine cellular morphology, ten sensitivity is 1%.
m paraffin sections were stained with thionine, or the brains were stained en block by the Golgi method, and compared with wild-type Electrophysiology (ϩ/ϩ) sections previously obtained at the same level. No differences Dissociated Hippocampal Neurons were found in cellular morphology between ϩ/ϩ and Ϫ/Ϫ mice. Hippocampal neurons were mechanically isolated from slices of the To analyze fiber tracts, thirty micron serial cryostat sections were CA1 region using 4 mg/ml papaya latex (Wang and MacDonald, taken in the sagittal plane from two 25-day-old postnatal GluR2 1995). Borosilicate patch electrodes (3-5 M⍀) were filled with the animals of each genotype (ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ). Examination of following: 140 mM CsF, 35 mM CsOH, 10 mM HEPES, 2 mM MgCl 2, every fourth section, by interference contrast microscopy, revealed 11 mM EGTA, 2 mM TEA, 1 mM CaCl 2, 2 mM MgATP (pH 7.3 using no gross deviations in mutants in the origin, projection, or terminaCsOH, 300 mosM). The low or high Ca 2ϩ solutions contained the tion of the following tracts: anterior commissure (anterior and postefollowing: 140 mM NaCl, 0.2 or 20 mM CaCl 2, 5.4 mM KCl, 25 mM rior projections); habenulo-interpeduncular tract (fusiculus retro-HEPES,33 or 13 mM glucose, 0.0005-0.001 mM TTX (pH 7.4 using flexus); stria medullaris; optic chiasma; mammilo-thalamic tract; NaOH, 320-335 mosM). The Na ϩ -free solution consisted of 10 mM fimbria fornix projections and posterior commissure. In addition, CaCl 2, 25 mM HEPES with equiosmotic glucose or sucrose substitutthe layers of the olfactory bulb, cerebellum, and neocortex also ing for NaCl. Relative permeability ratios at 22ЊC were determined appeared grossly normal. The corpus callosum and striatal structure from the Erev recorded in Na ϩ -free solution using the constant field exhibited normal proportions. In addition, all the associated nuclei equation:
of the cranial nerves, locus coeruleus, nucleus ruber, substantia nigra-reticulata, medullaris, striatum, optic chiasm, and tract ap-P Ca /PCS ϭ [Cs ϩ ]i/[Ca 2ϩ ] oexp (EF/RT) [exp (EF/RT) ϩ 1]/4 peared normal in the three genotypes. where E is the reversal potential, and F, R, and T have their convenCoronal serial sections (every tenth) were also examined for cytotional meaning. P Ca and P Cs represent the permeability coefficients chrome C oxidase activity. This mitochondrial enzyme is located to Ca 2ϩ and Cs ϩ . primarily on the dendrites and somata of postsynaptic cells and is Hippocampal Slices a general reflection of the level of presynaptic input (Chiaia et al., 400 M thick hippocampal slices were obtained from 2-to 4-week-1992; Bates and Killackey, 1985) . No differences were observed in old wild-type or mutant mice. Slices were incubated in a storage the level of cytochrome C oxidase activity in GluRB Ϫ/Ϫ mice comchamber for 1 hr before transferring to an interface recording champared with control littermates. ber. Both storage and recording solutions were oxygenated and contained in the following: 124 mM NaCl; 3 mM KCl; 1.25 mM NaH 2PO4; 2 mM MgSO4; 2 mM CaCl2; 26 mM NaHCO3; and 10 mM
Behavioral Analysis
For the open field test, mice were placed singly in a plastic box (46 D-glucose. Solution for LTP studies contained the following: 124 mM NaCl; 3 mM KCl; 1.25 mM KH 2PO4; 2.5 mM MgSO4; 3.4 mM ϫ 25 ϫ 15 cm) for a 5 min session, and their motor and posture patterns were recorded with an event recorder (Gerlai et al., 1993) . CaCl 2; 26 mM NaHCO3; and 10 mM D-glucose. Electrophysiological recordings were carried out at room temperature (22ЊC-25ЊC) with GluR2 null mutant mice, or littermate controls, were measured for decreased frequency of visits to a novel object and locomotion the exception of LTP studies (32ЊC Ϯ 0.5ЊC). Prior to 10 M BMI perfusion, connections between CA3 and CA1 were cut. Field potenscores. For the rotating rod test, each mouse was placed on a 3 cm diameter rod set at 15 rpm. The latency to fall off the rod was tial recordings in the CA1 region of hippocampus were performed with micropipettes filled with 1 M NaCl. Whole-cell recordings from recorded (Gerlai, 1996) . In the eye-closure test, mice were approached in their home-cage from above by a rubber rod, so that CA1 cells were performed using the "blind method" (Blanton et al., 1990) . For studies on the passive membrane properties of CA1 the rod was slowly moved toward their heads but stopped directly in front of them 1 cm away from their eyes. The behavioral responses neurons, the internal pipette solution contained the following: 150 mM K 2MeSO4; 0.1 mM EGTA-NaOH; 10 mM HEPES; 2 mM K-ATP were videotaped.
